The development of highly efficient modified electrodes is critical for enhancing the power output of microbial fuel cells (MFCs). In this study, different titanium electrodes were modified with functionalized graphene, polyaniline, and their composite (G/PANI) for use in two-chambered MFCs. The results showed that graphene, polyaniline, and G/PANI modification of the cathode improved the maximum power density of MFCs by 74%, 40%, and 126%, respectively, compared with the unmodified control. Among the three materials, G/PANI modification of the anode resulted in the highest open-circuit voltage of MFCs (0.71 V) and recorded the longest operating time for three consecutive cycles (110 h). G/PANI was superior to the other two materials in terms of power generation and it also extended the duration of the operating cycle of MFCs. G/PANI modification of both the cathode and anode improved the maximum power density of MFCs to 124.84 mW•m -2 ; this value was 24.8% and 18.9% higher than those obtained by simple modification of the cathode and the anode, respectively. The duration of the operating cycle of MFCs was also markedly extended to 35 h after G/PANI modification of both the cathode and anode. SEM results revealed that the increase in power generation of MFCs with G/PANI-modified electrodes could be attributed to the high surface area of electrodes and the large number of bacteria attached to electrodes. These results have demonstrated that the G/PANI composite can be effective materials for modifying electrodes and improving power generation in two-chambered MFCs.
Introduction
Efficient development and utilization of the large amount of biomass energy in wastewater can turn the waste to treasure. Microbial fuel cells (MFCs) are one of the most promising clean energy sources for converting organic fuels -including organic wastes -to electricity by microorganisms [1] [2] [3] . MFCs can produce electricity while processing wastewater pollution; thus, they have become a research hotspot in the field of the environment and energy [2, 4] . The concept of using microorganisms as catalysts in fuel cells was explored in the 1910s [4] [5] . The emergence and development of MFCs provides a new thought for efficiently developing biomass energy in wastewater and implementing wastewater reclamation [6] [7] . However, the low power output of MFCs currently restricts their practical applications [7] . Searching for highly effective anode and cathode catalysts, improving reactor architectures, and optimizing operational conditions are crucial strategies for further enhancing the performance of MFCs [8] [9] [10] .
MFC technology is currently in its infancy and many limitations remain. How to improve reactor power generation is a difficult issue to many researchers. Therefore, it is particularly important to modify the properties of anode and cathode materials in order to reduce the electrode overpotential of anode and cathode in the entire reactor and further optimize the power generation of MFCs [11] .
Polyaniline is an excellent conducting polymer characterized by high conductivity, simple synthesis, and low cost. Owing to these advantages, polyaniline is considered to be the most promising conducting polymer [12] [13] [14] . However, polyaniline can be problematic for its poor stability; it is also easy to be doped (impure) in the preparation process and difficult to be processed or functionalized [12] . These disadvantages have limited the development of polyaniline.
Graphene is a two-dimensional carbon nanomaterial that forms the basic building block of graphite. Graphene provides a large surface area (2630 m 2 /g) and excellent electrical, thermal, and mechanical properties [15] [16] . It can be easily prepared from cheap natural graphite [15] . Graphene has been demonstrated to be a promising adsorbent to remove heavy metals from aqueous solution, e.g., uranium [17] [18] , chromium [19] , thorium [20] and antimony [16] . Additionally, graphene has exhibited exciting adsorption abilities for removing hazardous cationic dyes such as methylene blue and safranine T from contaminated water [18, 21] . Moreover, graphene hybrid materials have been shown to have potential applications in electronic/spintronic devices [22] [23] , touch panels [24] , gas/biosensors [25] [26] , and solar cells [27] .
The excellent plasticity and stability of graphene can make up the deficiencies of polyaniline. The disadvantages of polyaniline as a conducting polymer, therefore, may be overcome by preparing polyaniline and graphene (G/ PANI) composites [12] . Hou et al. [12] have modified the anode of MFC with G/PANI, which could minimize anode energy loss in the system and significantly increase the power density output of MFC. The power density of MFC with a G/PANI-modified anode is three times larger than that of MFC with unmodified carbon cloth (CC) anode. Thus far, no study has reported on G/PANI modification of both the cathode and anode of MFCs, which is a proposition worth investigating.
In the present study, we prepared electrodes using functionalized graphene, polyaniline, and G/PANI composite and then assessed the performance of the two-chambered MFCs with modified anode and/or cathode. The aim of the study was to improve the deficiencies of anode and cathode of two-chambered MFCs and enhance the power generation and output of the cells. This work has implications for the development and expanded application of MFC technology, and provides a reference for research on wastewater treatment with MFCs.
experimental

Preparation of Electrodes
Preparation of graphene-modified titanium Electrodes
A phosphate buffer solution was used to formulate a graphene oxide solution (0.3g/L, pH = 8) as the electrolyte. Cyclic voltammetry was used to reduce graphene oxide by electrodeposition. The scan potential ranged between -1.4 and +0.6 V; the scan rate was 50 mV/s. One round of scan was recorded as one cycle and the scan included 10 cycles in total. Thereafter, graphene-modified titanium (GTi) electrodes were slowly rinsed with deionized water to remove the residual electrolyte and then dried in a cool and dust-free place before use.
Preparation of Polyaniline-modified titanium Electrodes
A sulfuric acid buffer solution was used to formulate polyaniline electrolyte (9.3 g/L, pH = 1). Electrodeposition was performed using cyclic voltammetry. The scan potential ranged between -0.4 and +0.9 V; the scan rate was 50 mV/s. One round of scan was recorded as one cycle and the scan included 10 cycles in total. Thereafter, polyaniline-modified titanium (PTi) electrodes were slowly rinsed with deionized water to remove the residual electrolyte and then dried in a cool and dust-free place before use.
Preparation of g/PANI-modified titanium Electrodes
A phosphate buffer solution was used to formulate a mixed solution of graphene and polyaniline (pH = 6). The electrochemical workstation and electrolyte solution were connected, and cyclic voltammetry was performed for electrodeposition. The scan potential ranged between -1.4 and +0.6 V; the scan rate was 50 mV/s. One round of scan was recorded as one cycle and the scan included 10 cycles in total. Thereafter, G/PANI-modified titanium (GPTi) electrodes were slowly rinsed with deionized water to remove the residual electrolyte and then dried in a cool and dust-free place before use.
Comparison of the Preparation Electrode under a Different pH System
For this paper we tested the electrochemical performance of the preparation electrode under a different pH system through electrochemical workstation CHI660C. The platinum electrode was taken as the counter electrode, and a saturated calomel electrode as the reference electrode. The scan potential ranged between -0.8 and +0.8 V; the scan rate was 50 mV/s (Fig. 1) . From graphics, the preparation electrode under the pH = 6 system can obviously observe redox peak, and the peak spacing is 0.8 V. Comparing CV curves on the preparation electrode under pH = 7 system, the greater the response peak, the smaller the peak spacing. The preparation electrode under the pH = 8 system shows good CV curve peak response. However, its minimum peak spacing is 0.5 V. This shows that the oxidationreduction reversibility of the modified electrode under the system is best. But judging from the response peaks, the charge transfer ability of the modified electrode under PH = 6 system is better. General speaking, the PH = 6 system is most suitable for the electrochemical preparation of G/PANI-modified electrode.
MFC Construction
The MFC reactor was comprised of two 700 mL plastic bottles. A 3 × 3 cm opening was made in the body of each bottle to install a proton exchange membrane. Additionally, a small hole was drilled in the lid to replace the nutrient solution and lead the wire. The electrodes were connected to the external resistor (1,000 Ω, unless otherwise specified) with titanium wire to form a circuit. Voltage monitoring was performed using an external self-made voltage collector. During voltage measurement, the input port was connected to the external resistor; the output data were transmitted through a USB-to-232 convertor into a computer. Real-time data acquisition was performed at 5-min intervals. The voltage range of the voltage collector was set to 0-2.5 V and the sampling accuracy was 10-5V.
MFC Setup and Operation
A phosphate buffer solution (0.2 M, pH = 7) was used to formulate 50 mM K 3 [Fe(CN) 6 ] solution as catholyte. Anode microorganisms were inoculated from domestic wastewater and glucose served as the anode substrate to construct two-chambered MFCs. The anode nutrient solution contained (g/L): Na 2 HPO 4 (4.089), NaH 2 PO 4 (2.544), KCl (0.13), MgCl•6H 2 O (0.1), CaCl (0.1), NaCl (2.9), and other essential trace elements; the anolyte volume was 500 mL. The formulated catholyte and anolyte were added into assembled MFC reactors, and each reactor was connected to the data acquisition port of the voltage collector. The voltage collector was then connected to a computer for real-time data acquisition and recording.
At the beginning of the MFC startup, the nutrient solution was replaced once every 48 h. The startup of the MFC reactor was considered to be completed after the output voltage of MFC stabilized between two adjacent cycles. When all MFCs operated stably, one cycle was chosen to record polarization curves and calculate output power density using the galvanostatic method. Polarization curves were generated as follows: After the nutrient solution was replaced, the time interval of MFC to reach a stable state was roughly estimated according to the data of the previous cycle. The cell was then disconnected at the estimated time interval to measure the open circuit voltage. The external resistor was connected and the resistance was changed sequentially in the range of 10 KΩ-100 Ω. The measurement interval was 15 min and the voltage values were recorded after stabilization. 
Electrochemical Characterization
Electrochemical impedance spectroscopy (EIS) and cyclic voltammograms (CV) were performed on CHI660C (Chenhua, China) in a three-electrode arrangement. SEM (JSM-6700F, Japan) was employed to characterize the surface morphology of the samples. They were prepared following the procedures described elsewhere [28] . All tests were conducted at room temperature. . The improvement of power density could be attributed to the increased specific surface area of cathode after medication with a layer of graphene. Meanwhile, graphene material has excellent conductivity and thus could enable the reduction reaction of more electrons and electron acceptors on the cathode surface. The power generation capacity of GTi was therefore markedly improved compared with UTi. This change could accelerate the electron transfer between bacteria and electrodes to optimize the electrode architecture [29] [30] .
Results and discussion
Effect of Cathode Modification on the Performance of MFCs graphene modification of cathode
According to the data presented in Figs 3a-b), the internal resistance of UTi and GTi was 534.2 and 441.2 Ω, respectively. This result indicates that graphene modification of the cathode could reduce the internal resistance of the reactor. Graphene has high conductivity and thus could significantly reduce the activation energy on the electrode surface of the graphene-modified cathode. Additionally, graphene has high biocompatibility and thus could increase the active surface area of the cathode. Given the above characteristics, the graphene-modified cathode is conducive to increasing the power output of MFCs [15] [16] 29] .
We recorded voltage output in two MFCs and analyzed the data for one cycle (Fig. 4) . The results showed that the output voltage of both GTi and UTi was highest in the first 10 h of the cycle. This is because after the nutrient solution was replaced, the microorganisms attached on the electrode surface rapidly entered an active phase and consumed a large amount of nutrient solution, resulting in a higher output voltage. Since the graphene-modified electrode had a greater specific surface area and a higher degree of electron reduction, the output voltage of GTi was markedly higher than that of UTi. The maximum output voltage of GTi reached 0.47 V, that is, 1.31-fold that of UTi. In the following period, the voltage started to decrease and tended to level off. Within one cycle of operation, the operating time of GTi was extended by 11 h compared with that of UTi. 
Polyaniline modification of cathode
The maximum power density of MFCs with polyaniline-modified cathode (PTi) was 137.28 mW•m -2 ( Fig. 3c) , that is, 1.40-fold that of UTi (Fig. 3a) . The difference in power density could be attributed to the unique protonic acid doping capacity of polyaniline material. In electrochemical preparation of polyaniline-modified electrode materials, the doping capacity of polyaniline makes it a conducting polymer. This kind of polyaniline has better electrochemical property and higher charge storage capability [12] . We observed voltage output in two MFCs and analyzed the data for one cycle (Fig. 4) . Despite similar trajectory of the curves, PTi produced generally higher output voltage than UTi. , respectively. The maximum power density of GTi was improved by 15.03% and 11.12% compared to UTi and PTi, respectively, indicating that graphene medication of cathode significantly improved the power output of MFCs. Graphene increased the active area of the cathode surface, while its high biocompatibility facilitated electron transfer between electrodes and microorganisms. These are critical factors for improving the output power of MFCs [29] .
g/PANI modification of cathode
The maximum power density of MFCs with G/PANImodified cathode (GPTi) was 223.26 mW•m -2 ( Fig. 3d) , that is, 2.27-fold that of UTi. This result indicates that cathode modification with the composite material could improve power generation of MFCs. We monitored voltage output in two MFCs and analyzed the data for one cycle (Fig. 4) . The results showed that the power generation of GPTi was much higher than that of UTi; the maximum output voltage of the former was 1.63-fold that of the latter. Moreover, GPTi maintained a duration of 20 h in the high-voltage interval (>300 mV), that is, 10 h longer than compared to UTi. Thereafter, the output voltage of all MFCs gradually decreased and stabilized at lower levels owing to the decrease of nutrients and the consumption of catholyte K 3 [Fe(CN) 6 ]. In terms of the entire operating cycle, the duration of GPTi (37.5 h) was 10 h longer than that of UTi (27 h ). This is because the G/PANI composite not only possesses the large specific surface area and high conductivity of graphene, but also inherits the excellent electrochemical property and high charge-storage capability of polyaniline [12, 30] .
Comparing the data of MFCs assembled with graphene-, polyaniline-, and G/PANI-modified cathodes, we found that the G/PANI-modified electrode was the best cathode material for use in MFCs in terms of power density. The experimental data showed that the maximum power density of GPTi was 30.4% higher than that of GTi, and 1.62-fold that of PTi.
We plotted the output voltage for three MFCs for three complete cycles (Fig. 5) . GPTi was superior to the other two MFCs assembled with graphene-or polyanilinemodified cathode in terms of maximum output voltage, duration in the high-voltage interval, and total duration of the operating cycle. The results suggest that cathode modification with the G/PANI composite, which possesses the large specific surface area and high conductivity of graphene and inherits the electrochemical property of and high charge-storage capacity of polyaniline, can greatly improve the power generation of MFCs. , respectively; the latter was 1.18-fold that of the former. The possible reason is that graphene has a significant specific surface area; thus, graphene modification greatly improved the specific surface area of the anode and provided more area for the attachment of microorganisms in the anode chamber, further accelerating the generation and transfer of electrons [30] [31] . Therefore, MFCs with graphene-modified anodes were improved in power generation compared to the unmodified control.
Next, we monitored voltage output for two MFCs and analyzed the data for one cycle (Fig. 7) . GTi performed better than UTi in the high-voltage interval and extended the duration by approximately 5 h. Thereafter, the two MFCs showed similar trends of output voltage curves, but GTi remained slightly higher than UTi. Table 1 shows that GTi produced a higher open circuit voltage (0.65V), which was increased by 27% compared to that of UTi. These results indicate that graphene modification of the anode can improve the power generation of MFCs.
Polyaniline modification of Anode
We monitored voltage output for two MFCs and then analyzed the data for one cycle (Fig. 7) . The voltage output of PTi showed a rebound trend at around 10 h, which lasted ~5 h. This effectively extended the duration of PTi in the high-voltage interval. In terms of the entire cycle, the output voltage showed no significant difference between PTi and UTi except for the high-voltage interval. This indicates that polyaniline modification of the anode had better effects at the beginning of the operating cycle; as the substrate concentration and microbial activity ecreased over time, the effect of polyaniline modification on the performance of MFCs became less significant [12, 32] . Table 1 shows the open-circuit voltage and internal resistance for two MFCs. The open-circuit voltage and internal resistance of PTi were 0.58 V and 453 Ω, respectively; the values of UTi were 0.51 V and 473.48 Ω, respectively. Polyaniline modification of the anode did not effectively reduce the internal resistance of MFCs, which might be a reason for the minor effect of PTi on the power generation of MFCs.
g/PANI modification of Anode
The maximum power density of GPTi (156.00 mW•m ; Fig. 6d ), indicating that G/PANI modification of the anode could improve the performance of MFCs for power generation. We monitored voltage output for two MFCs and then analyzed the data for one cycle (Fig. 7) . GPTi showed much higher power generation than UTi; the former was 1.63-fold the latter in terms of the maximum voltage of MFCs. Moreover, GPTi maintained a duration of 15 h in the high-voltage interval (>300 mV), which was 5 h longer compared with UTi. Thereafter, the output voltage of all MFCs gradually decreased and stabilized at lower levels, as the nutrients were reduced and the catholyte K 3 [Fe(CN) 6 ] was consumed.
With respect to the entire operating cycle, GPTi lasted 37.5 h, that is, 7.5 h longer than UTi. This is because after G/PANI modification, a layer of G/PANI-doped material gathered on the anode surface and greatly increased the specific surface area of the anode. Meanwhile, polyaniline has good chemical reactivity, which directly increased the number and density of active reaction sites on the anode surface. In electrochemistry, the anode overpotential is a common factor limiting the performance of MFCs for power generation [32] [33] . During the reaction of G/PANImodified anode the anode overpotential was reduced, thereby improving the power generation of MFCs. Table 1 lists the power generation parameters of UPTi and GTi. When the external resistor was disconnected, the open-circuit voltage of GPTi reached 0.71 V; this value was improved by ~40% compared with that of UTi. The internal resistance of GPTi (322.67 Ω) was also lower than that of UTi, indicating that G/PANI modification of the anode reduced the internal resistance of the entire MFC system. Since internal resistance is another important factor limiting the performance of MFCs for power generation [31, 34] , a reduction in internal resistance means an improvement in power generation of MFCs.
Comparing the data of MFCs assembled with graphene-, polyaniline-, and G/PANI-modified anodes, we found that the G/PANI-modified electrode was the best anode material for use in MFCs in terms of power density. The maximum power density of GPTi was improved by 1.16-fold compared with that of GTi, and 30% higher than that of PTi.
We plotted the output voltage for three MFCs for three complete cycles (Fig. 8) . GPTi was superior to the other two MFCs with GTi and PTi in terms of maximum output voltage, duration of the high-voltage interval, and duration of the entire operating cycle. Table 1 shows the power generation parameters for three MFCs. GPTi showed better performance for power generation than GTi, despite the same internal resistance. This shows that the incorporation of polyaniline into graphene effectively improved the electrode material. The excellent electrochemical activity and high conductivity of polyaniline were inherited by the G/PANI composite. Note: GTi, graphene-modified titanium; PTi, polyaniline-modified titanium; and GPTi, graphene/polyaniline-modified titanium Table 1 . Power generation parameters of MFCs with unmodified (UTi) and modified anodes (GTi, PTi, and GPTi). 
Effect of Cathode and Anode Modification on the Performance of MFCs g/PANI modification of cathode and Anode
In this experiment, we tested three MFCs assembled with modified anode and cathode (reactor A), modified cathode (reactor B), and modified anode (reactor C). All the electrodes were modified electrochemically with G/ PANI. When all MFCs operated stably, we chose one cycle to perform a steady-state discharge test. The polarization curves were generated and the output power density was calculated (Fig. 9) .
The maximum power density of reactor A was the highest among the three reactors, namely 124.84 mW•m , respectively. Reactor A was improved by 24.8% and 18.9% compared with reactors B and C, respectively, indicating that G/PANI modification of both the anode and cathode was most effective in improving the performance of MFCs for power generation. On balance, the performance of MFCs was lower compared with the results of MFCs in Sections 3.2 and 3.1. This is because the electrodes used in this experiment comprised titanium sheet only, while those in the previous sections comprised titanium sheet and stainless steel wire mesh. Wire mesh had a larger surface area and higher surface reactivity than the titanium sheet, accounting for higher power generation of MFCs.
The internal resistance of MFCs was obtained by polarization curve fitting. Reactor A had an internal resistance of 300 Ω; reactors B and C had the same internal resistance of 500 Ω. This result indicates that the use of both the G/PANI-modified anode and cathode in MFCs could effectively reduce the internal resistance of the reactor. This also explained the superiority of reactor A to reactors B and C in terms of power density.
After the completion of MFC startup, we replaced the nutrient solution, observed the three MFCs for 2-3 weeks, and then analyzed data for one cycle (Fig. 10) . After the replacement of nutrient solution, the output voltage of MFCs rapidly increased and peaked at 360 mV (reactor A), 305 mV (reactor B), and 300 mV (reactor C). Thereafter, the voltage rapidly dropped to relatively stable levels at 342, 261, and 256 mV, respectively. Finally, the power generation of the entire reactor decreased and the output voltage showed a downward trend. This process agrees with the growth pattern of microorganisms in the anode chamber [7, 35] , suggesting that the growth of output voltage was coincident with the growth of microbial number. With respect to the entire operating cycle, the duration of reactor A (36.6 h) was extended by 8.3 and 9.0 h, respectively, compared with those of reactors B and C.
Electrochemical Analysis
To further assess the performance of MFCs, we performed cyclic voltammetry (CV) analysis after the three MFC reactors operated stably. The analysis was conducted on the CHI66C electrochemical workstation. A saturated calomel electrode served as the reference electrode. The scan potential ranged between -0.9 and +0.9 V. The scan rate was set to 0.05 v/s. Fig. 11 shows the presence of obvious redox peaks in all three MFCs. The CV curves of reactors A and C were similar: the peak potential was -0.1 and +0.5 v, making the peak potential difference ~0.6 v. For reactor B, the peak potential was -0.3 and +0.8 v, making the peak potential difference was 1.1 v. These results indicate that reactors A and C had higher redox reversibility than reactor B. Fig. 12 depicts the impedance and fitting curve of MFCs with G/PANI-modified anode and cathode. The degree of fitting was good between the AC impedance curve measured by CHI660C and the fitting curve of the equivalent circuit, and there was an obvious capacitive arc. The resistance was ~15 Ω, indicating good electrochemical activity of the reactors.
SEm Study
After discharge, the surface morphologies of each electrode were immediately examined by SEM. Fig. 13 shows the surface morphologies of titanium electrodes after the operation of MFCs. Regarding the anode after the operation of MFCs, it was claimed that the SEM image illustrated that the surface morphologies of unmodified and modified titanium electrodes after operation. Fig. 13b) shows some graphene/polyaniline-modified dark spots. A small number of flocculent microorganisms adhered to the unmodified titanium electrode (a) and a significant number of flocculent and filamentous microorganisms adhered to the G/PANI-modified titanium electrode (b). The anode product has adhered to the electrode surface and led to the electrode surface change. Moreover, the change of the anode surface after modification was more pronounced and more microorganisms gathered. It was conducive to the growth of microorganisms and the electrode surface reaction was faster. This may be due to the modification of G/PANI electrode material increasing the roughness of the electrode surface area, thereby improving the activity of the cell system. Regarding the cathode after the operation of MFCs: a very small amount of white attachment appealed on the unmodified titanium electrode (c) and a significant amount of white attachment adhered to the G/PANI-modified titanium electrode (d). A lot of sediment attached to the surface of electrodes should come from the reduction reaction product of the cathode. The electron microscopy phenomenon of the modified electrodes means greater amount of product, verifying the intense current response characteristics. It shows that the modified cathode G/PANI materials could provide more reactive point and the reaction rate on the cathode a greater increase. Comparing the anode and cathode after operation, we observed great morphological differences. The anode was attached with a markedly higher number of bacteria (mostly rods) than those of the cathode. Moreover, the titanium electrode of the anode was not coated with a porous structure after operation. This further proves that the proposed method is effective for forming G/PANI hybrid coating on titanium electrode in this study. Fig. 14 shows the XRD pattern. The characteristic peak at 23° was the characteristic diffraction peak of grapheme and the sharp diffraction peaks at 10.6° were the characteristic peaks of graphene oxide. When graphene oxide was reduced, the diffraction peak at 10.6° diminished and eventually disappeared. However, the diffraction peak at 23° had become higher, demonstrating that graphene oxide is reduced to graphene.
XRD Study
conclusions
This study employed a facile and environmentally friendly method to modify the anode and cathode of MFCs with G/PANI composite, and achieved enhanced MFC performance with regard to power generation. Our experimental results prove that the proposed method is simple and reliable for the fabrication of high-performance MFCs. Using G/PANI composites simultaneously modified the anode and cathode of MFCs while increasing the specific surface area of the electrode and the electrochemical activity of the electrode surface. The anode is not advantageous only to the aggregation and growth of the microorganism, it is advantageous for the reaction of potassium ferricyanide in the cathode. This promoted electron recovery and made the entire electrode better. These results provide significant prospects for developing low-cost and effective MFC anodes and cathodes. Further studies are necessary to assess whether the proposed method is applicable to large-scale MFCs from a practical perspective.
